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Hydrogen abstraction by 8, OH, CH;, CF;, C;Hs, and GHs radicals from methane and propene and addition
reactions of these radicals with substituted propenes have been investigated by using BHandHLYP/6-311G-
(d,p) level of theory. Transition states for all these reactions have been located. The reactivity of different
radicals and substrates toward hydrogen abstraction and radical addition reactions has been critically analyzed
by using density functional theory based reactivity descriptors, namely, local softness and electronegativity.
The regiochemistry of the radical addition reaction has also been explained from the local softness values of
the potential addition sites.

1. Introduction softness $ = 1/y), and electronegativity all are global param-
eters of a system and they reflect the overall electronic nature

has been found to be the source of many interesting derivationsalr::d r}:ermtnvty of tf”‘ _?ystem but do not provide any information

allowing rationalization of previously ill-defined but useful ~#Poutloca re'ac '_V' y. o ) .

concepts in Chemistry_For examp|e, the hard and soft acids The determination of the SpECIfIC sites of interaction between
and bases (HSAB) principle introduced by Pearson in 1963 hastwo chemical species is of fundamental importance in establish-
long been playing a useful role in understanding the behavior ing the mechanism of reaction and also for designing desired
of many chemical systen?sBut the major criticism of the products. A number of local reactivity parameters, such as Fukui
principle was that no rigorous definition of hardness existed at functiong and local softned8have also been derived from DFT

that time. However, in 1983 Parr and Pearson gave that muchto determine the specific sites of interaction between two

Thanks to the pioneering works of Parr and co-workers, DFT

needed quantitative definition of hardness reagents. These parameters are associated with the response of
the electron density of a system to a change in number of
_1f%E electrons ) or external potentiali(r)]. Thus they are directly
) a_l\12 ) related to the inherent reactivity of a chemical species toward

different types of chemical reagents. Generally, it is believed

where E and N are the energy and number of electrons in a that the larger the value of the Fukui function the greater the
system and the derivative is taken at the fixed external potential, reactivity. These local reactivity descriptors were used for the
v, of a system and at the same time provided a simple proof of interpretation of a wide range of chemical problems. Using
the HSAB principle? Further justification of the HSAB principle  appropriate condensed-to-atom Fukui function or softness, we
came from the later work of Parr and co-workéihe concept have determined the preferred site of attack ir-1! and
of electronegativity ) has also been an important qualitative [2+2]*? addition reactions. These descriptors were also used
tool for chemists since the beginning of quantum theory. for interpreting the mechanism of other types of reactiSns.
However, due to the lack of a rigorous definition, many Recently, the Fukuifunction was also applied for the prediction
empirical electronegativity scales were defined time to time by of gas-phase proton affiniti€4 Chatterjee et al. determined the
using different molecular properties (such as gas-phase bondmost reactive site in zeolite for absorption of molecules from
energy, ionization energy, electron affinity ett.y. The newly the Fukui function values of different potential sif€45 Roy
developed electronegativity scale of Luo and Beridws been  used local softness for the interpretation of the mechanism of
found to correlate well with heats of formation for many series nucleophilic substitution reaction to alkyl halid€sA detailed
of compounds. They also obser{eal good linear correlation  analysis of these local reactivity descriptors and its applicability
between electronegativity and intrinsic Lewis acid strength of to various chemical problems can be found in the recent
main group elements. The rigorous definition of electronegativity reviews18
[x = —n = —(8E/0N),] came only in 1980s from the work of Now with the introduction of local reactivity parameters (such
Parr gnd Pearsdnwhgre electro.negatlwty was defined as the ,¢ Fukui functionsf(r)] and local softnesss[r)]), Gazquez and
negative of the chemical potential)(of the system. Hardness,  p1andez put forward a local version of the HSAB principle.

T P They proposed that the interaction between two chemical species
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resolving the regioselective behavior of various types of addition
reactions. Based on the local HSAB principle, a softness
matching criteria was proposed by Chandra, Nguyen, Geerlings,
and co-workerg-20-24for understanding the regioselectivity of
cycloaddition reactions, in particular for rationalizing the
regiochemistry of various types of 1,3-dipolar cycloaddition
(13DC) reactions. Later Pofti provided further theoretical
justification of the softness matching criteria used for explaining
the regiochemistry of cycloaddition reactions. He also proposed
a method for calculating the change in grand potentigR)?®
from the local softness values of the interacting atoms and the
chemical potentials of the two reactants. This change in grand
potential can be used to predict quantitative regioselectivity by Figure 1. Schematic representation of the two possible sites ofattack
estimating the branching ratios of possible reactis. for radical addition to propene.
Interestingly Ponti’'s procedure differs from the local HSAB
principle of Gazquez and Mendez in the case af [2addition the recent study by Pritchard et®IThey concluded that this
reaction. According to Pontf the softest atom between the two ~ functional gave good overall performance in predicting geom-
sites should be the most favored site of attack, whereas localetry, vibrational frequencies, and barrier heights for proton-
HSAB principle says bond formation is preferable between the transfer reactions and radical reactions. The geometries of the
atom pair with the closest softness. In some cases, these twgadicals (OH, CH, CFR;, CoH, C;H3, CoHs, CsHe), CHg, propene,
procedures may present a conflicting picture. We feel that more and substituted propene moleculeg@HCH=CHX, X = F,
critical analysis is required to find out which one is better for Cl, NHz) were first fully optimized at the said level of
the understanding of regiochemistry. calculations. Then transition states (TSs) for the hydrogen
In any case, it is clear from the above discussion that DFT- abstraction reactions of methane and propene with radicals
based reactivity descriptors have been successfully used in dR—H + + R —~ R'—H + °R) were determined. Similarly, we
wide variety of reactions for the qualitative interpretation of l0cated the TSs for the addition reactions of radicals to both
reaction mechanism, site-selectivity, and regiochemistry. More- the doubly bonded carbon atoms of substituted propenes. The
over, these reactivity descriptors have also been used for theclassical barrier height for each reaction was calculated from
guantitative predictions of proton affinity and branching ratios the energy difference between the TS and the reactants. The
in multichannel chemical reactiod$2”-28Unfortunately, how- regioselectivity of the radical addition reactions were determined
ever, applicability of these descriptors has hardly been judged from the barrier heights of addition to the,@nd G carbon
for an important class of reactions, namely, radical reactions. atoms of propene (see Figure 1), because the reaction path with
To our know|edge, so far there is On|y one pre"minary work the lower barrier helght is I|ke|y to dominate the addition
from our group where local reactivity indices were used to reaction. To check the accuracy of our DFT results for barrier
determine the regioselectivity of free radical addition to olefths.  heights, we determined the barrier heights also by employing a
It was observed that radical attack preferentially takes place tohigh a level of ab initio theory, namely, the CCSD(T)/6-
a carbon atom with the highest value of softness for radical 311++G(d,p) method. However, BHandHLYP results were
attack €°). Of course, there have been numerous attempts to found to be close to the CCSD(T) results and they follow the
rationalize theoretically the mechanism of free radical addition Same trend. The correlation between the barrier heights calcu-
using the conventional molecular orbital calculations. We do lated by using the CCSD(T) and BHandHLYP methods are
not intend to discuss the merits/demerits of those approachesshown in Figure S1, which is given as supplementary informa-
here. Instead, our main objective is to analyze critically whether tion.
DFT-based local reactivity descriptors can be used to predict The DFT-based global reactivity descriptors, such as elec-
the reactivity in different types of radical reactions. To this end, tronegativity {) and softnessS) were computed from the finite
we have studied two important sets of reactions: (i) hydrogen difference formulas:
abstraction reaction of methane (gHand propene (KC=
CHCH;) with a series of free radicals and (ii) radical addition x=-u=(E+EA)2 and S=1/(IE-EA)
reaction of propene by a series of free radicals. Finally, addition i o
and hydrogen abstraction reactions of some substituted propene¥/here IE and EA are the first vertical ionization energy and
with OH and CH radicals have also been considered to judge electron affinity, respectively, and is the chemical potential

further the applicability of the DFT-based reactivity descriptors Of the system. The IE and EA were computed from A&CF
in elucidating the regiochemistry of addition. procedure, i.e., by performing separate SCF calculations for the

neutral, cationic, and anionic species of a system. The Fukui

function is defined as the response of the electron density to

the change in total number of electrori@) = (dp/dN),], and
DFT calculations were performed by using the Gaussian-98 the local softness can be expressedsg3 = Sf(r). The

suite of program&® We must emphasize here that our objective condensed to atom (X) softness vafutor radical attack was

here is not to produce very accurate potential energy surfacescalculated from the finite difference formula as

for these reactions. But at the same time, the method employed

should be good enough to produce the right trend for the barrier S(X) = 0.59q(N + 1) — q(N — 1)]

heights for a series of reactions and thereby the correct

regiochemistry. To this end, the BHandHLYP functichaVas whereq(N — 1) andg(N + 1) are the electron population for

used along with the standard 6-311G(d,p) basis set. Our choicethe atom X in the cationic and anionic species of a system,

of this unusual functional (BHandHLYP) was based on the respectively. The electronic populations of atoms were evaluated

extensive studies made by Zhang et?and Durant® and also following the Merz-Kollman (MK) procedure®® This scheme

2. Computational Details
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TABLE 1: Global Softness (S, au™'), Electronegativity (y, (A)

eV), Atomic Softness for Radical Attack for the Interacting 100+
Atom of Different Radicals [s°(X)], and Classical Barrier R
Heights for Hydrogen Abstraction from Methane and 80
Different Sites of Propylene

barrier heights, kJ/mal 60
H3C_CaH=C/;H2 e
radical & ¢ X)° CH, C-H C,~H CsH 40

OH 1.70 7.93 1410 42(34) 22(15) 37(29) 47(38)
CHs 246 415 3207 82(8l1) 61(58) 81(77) 90 (86) 204
CF 223 530 2720 70(61) 49(38) 69 (57) 78 (66) 1
CH 233 821 1028 3(2-05(1) 2(-1) 6(1) 0-
CHs 263 4.44 2596 62(57) 42(35) 60(52) 69 (61) , , , _ . _
CHs 271 3.45 2942 91(89) 68(64) 90(85) 99 (94) 3 4 5 6 7 8 9

a2 The quantities within bracket are the barrier heights after zero- x of radicals
point energy corrections$.Svalues for CHis 1.52 au?. ¢ X is O atom
in OH and C atom in other hydrocarbon radicals. (B) 100+

AE

has been shown to be reliablé® and also used in most
calculations of regiochemistd#23.27.39

3. Results and Discussion

AE

The structures of the TSs for hydrogen abstraction and radical
addition reactions for the systems studied here along with the
other results regarding the potential energy surfaces of these \
reactions will be discussed elsewhere. Here we wish to focus 7
mainly on the reactivity aspects of different radicals and oCH
substrates, such as methane and propene, toward hydrogen — 1T I T I T 1
abstraction and radical addition reactions.

A. Hydrogen Abstraction Reactions.The classical barrier
heights and the barrier heights with zero point energy corrections Figure 2. Plot of the classical barrier heights (kJ/mol) for hydrogen
for hydrogen abstraction by different radicals from methane and abstraction against electronegativigiit eV) for radicals: (A) for CH
also from three different sites of propeneg,(H—CaH=CﬁH2), and (B) forthe-CHssite (I) and G site (I1) of propene (HC—Cy=CsH2).
namely,—CHz, —C,H, and—CgH, are given in Table 1. The
global softness) values for different radicals, electronega-
tivities (), and condensed to atom softnes¥X)] values for
the radical atom that takes part in hydrogen abstraction (i.e.,
the oxygen atom in OH and the carbon atom for other radicals) ) . N
are also given in Table 1. Our calculated softness and eleC_Thusthe.more.electronegaxa the attackmg_ radpal is, the lower
tronegativity values for radicals follow almost the same trend the barrier height for hydrogen abstraction. is
as observed from the experimental valéeBirst we consider A similar relation has also been observed between the
the hydrogen abstraction by different radicals from methane. electronegativity of different attacking radicals and the classical
Since the substrate is fixed (Q)ﬂ the ease of hydrogen barrier helghtS for hydrogen abstraction from the three different
abstraction should depend only on the reactivity of the radical. Sites of propene. Figure 2B displays such linear correlation
Hydrogen abstraction can be considered easier when thebetween the electronegativity of radicals and the classical barrier
corresponding barrier height is lower. It is apparent from the heights for hydrogen abstraction from the&€H; and G, sites
results in Table 1 thahere is no correlation between the global  (see Figure 1) of propene. The same for thesie is not
softnesgS) for radicals and the barrier heights for hydrogen Ppresented in the figure because it follows the same trend (see
abstraction For example, the hydrogen abstraction reaction Table 1) as the Csite. Now, among the three possible hydrogen
between CHand the GH radical has the lowest barrier height, ~abstraction sites of propene, hydrogen abstraction from the
but the GH radical is neither the softest nor the hardest radical —CHs group is the easiest, with its much lower barrier than the
among the group. However, electronegativity of the attacking other two channels (from the,Gind G; sites). This is because
radicals has a correlation with the classical barrier heights for Of the much lower €H bond dissociation enthalpy (Esx)
hydrogen abstraction from different substrates. The greater thefor the C-H bonds in the—CHs group of propene than the
electronegativity of the radical the easier the abstraction of C—H bond for the two doubly bonded carbon atoms. For
hydrogen from substrates. ThustCradical with the highest ~ example, the Bysgx value for the allylic C-H bond in the—CH;
electronegativity value of 8.21 eV has the lowest barrier for group of propene is 362.& 8.8 kJ/mol, whereas the %Bsx
hydrogen abstraction both from methane and propene, whereagalue for the same bond in284 amounts to 465.3 3.4 kJ/
C.Hs has the lowest value of electronegativity (3.45 eV) and mol.4:
accordingly the highest barrier height for hydrogen abstraction  The local softness of the radical centst(K), Table 1] that
(see Table 1) both from methane and propene. In fact, 6f C  is directly involved in hydrogen abstraction can also be an
radical, the reaction barrier is very low and even barrierless for important reactivity parameter. The softness value is lowest for
hydrogen abstraction from theCHs site of propene. Figure  the carbon atom of £ (1.028) and highest for the carbon atom
2A displays the correlation between electronegativity and of CHs (3.207). Interestingly, hydrogen abstraction yHtas
classical barrier height for hydrogen abstraction from,fbr also the lowest barrier, as mentioned before. In fact, the data in

x of radicals

C.H, the barrier height is somewhat lower than that expected
from its electronegativity. Although the correlation is far from

perfect, there is a clear trend that the barrier height tends to
decrease with the increase in electronegativity of the radical.
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(A) 100+ P TABLE 2: Classical Barrier Heights (kJ/mol) and the Same
| .02;5/ with Zero Point Energy Corrections (within bracket) for the
CH Addition of Different Radicals to the Two Doubly Bonded
804 / e Carbon Atoms (see Figure 1) of Propene
] _~®CF, radical
60 - _~~ ®CH,
| / OH CHs CK CH2 CoHs CoHs
W40 eOH C. —2(5 43(52) 18(19) 28(33) 46 (53)
< s C; —-4(3) 34(43) 10(11) 21(25) 38(45)
20 // aThe TS could not be located.
-//CH substituents attached to the carbon atoms, the addition of a
o{ o7 radical to one of the doubly bonded carbon atoms is generally
— —— ————————— preferred over the other. This introduces regioselectivity in
1.0 15 20 25 30 35 addition reactions and the direct manifestation of it can be
s°(X) for radicals observed from the barrier to addition. It is known that free
(B)mo1 radical addition to unsaturated carbon atoms generally follows
| anti-Markovnikov orientation and the radical goes to the carbon
804 that already holds the greater number of hydrodériBhis
orientation of addition has been explained from the stability of
the resulting radical after the addition. Table 2 shows the
60+ calculated classical barrier heights and the ZPE corrected barrier
heights for the addition of different radicals to the two doubly
‘4 40 bonded carbon atoms ¢&nd G) of propene. The TS for the
1 addition of GH radical to propene could not be determined and
20 - it appeared that the reaction was barrierless. The barrier for the
| addition to the3-carbon atom is found to be- kJ/mol lower
04 than the addition to the-carbon. Thus addition of radicals to
the 8-carbon atom of propene is easier and this correlates with
10 15 20 25 30 35 the fact that the softness value for fhearbon (1.393) is much
$°(X) for radicals higher than that for the--carbon (0.377). As shown by Po#i,

higher softness values for the interacting atoms result in a greater

Fi 3. Plot of the classical barrier heights (kJ/mol) for hyd . . .
igure ot of the classical barrier heights (kJ/mol) for hydrogen negative value of the change in grand potenti®2) due to

abstraction against the local softness of radical attsikqr the radical

centers of different radicals: (A) for CHand (B) for the—CHs site bond formation. Therefore, the carbon atofcarbon) with
(1) and G, site (1) of propene (HC—CoH=CsH,). the higher softness value should be more susceptible to radical
attack.

Table 1 show that the barrier height tends to increase with the For a particular substrate and site of addition, the change in
increase in softness of the attacking atom (X) of the radical. barriers to addition for different radicals should be characteristic
Only in the case of Ckland GHs, the barrier heights are found  of the reactive properties of the radicals. On the onset, one can
to be in the reverse order than that expected fromsthalue easily think of two such reactive parameters, namely, electrone-
of the carbon atom. Figures 3(A) and (B) show the correlation gativity of the radical (a global property) and the softness of
between the barrier heights for hydrogen abstraction from the radical atoms’(X) for the oxygen atom of OH and for the
methane and from the CH; and G, sites of propene (see Figure carbon atoms of other radicals in Table 1] taking part in bond
1) and the {X) values of the atoms in different radicals (i.e., formation. It is evident from Figure 4(A) that there is no
the oxygen atom in OH and the carbon atom for other radicals) meaningful correlation betwees(X) values for different
that take part directly in hydrogen abstraction. Once again, a radicals and the barrier heights. However, a certain correlation
clear pattern can be observed from these figurestiiestharder between the barrier heights for addition and the electronegativity
the attacking radical center, the easier the hydrogen abstraction of the radicals seems to exist, as shown in Figure #iBe
This is clearly opposite to that expected for addition reaction, barrier height for radical addition decreases with the increase
where softer atoms should interact favorably. For all the radicals, in electronegatiity of the radicals |t is clear from Table 1 that
the barrier height is lower for hydrogen abstraction from the the chemical potential (negative of electronegativity) values for
—CHj3 group of propene than from GHIt was demonstrated  radicals are much lower than that of proper&24 eV). Thus
before that there is a qualitative correlation between the hardnessncreasing electronegativity of radicals results in greater net
and the barrier height for hydrogen abstraction from saturated electron flow from propene to radicals during addition reactions
hydrocarbong? The lower the hardness (i.e., greater softness) and, thereby, decreases the barrier height. The OH radical is
value of the substrate, the lower the barrier height. The softnessslightly off from the correlation line of the four radicals with
values for CH and propene are 1.52 and 2.15 Buespectively. carbon as the interacting atom. This is no doubt due to the
The higher softness of propene might be the reason for its lower different nature of the interacting atom. It is apparently not
hydrogen abstraction barrier, which is also reflected in the much meaningful to compare the local softnesses of two different
lower DP9gx value for the allylic G-H bond in propene than  radical centers.

that in CH, (439.3 kJ/mol) C. Substituted PropenesTo verify the observations further,

B. Addition to C=C Double Bonds.There are two important ~ we studied the hydrogen abstraction and addition reactions of
aspects for the radical addition reactions te=C bonds, substituted propenes §8—CH=CHF, HsC—CH=CHCI, H;C—
namely: (i) for a particular substrate, how the barrier to addition CH=CHNH,) with two different radicals, OH and GHThe
changes with the change of radical and (ii) the regiochemistry reactivity parameters and barrier heights for abstraction and
of the addition reaction. In general, depending upon the radical addition reactions are given in Table 3. Hydrogen
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Figure 4. (A) Classical barrier heights (kJ/mol) for different radical
addition to the ¢ carbon atom of propene (Figure 1) are plotted against

Nguyen et al.

much easier than that from the two doubly bonded carbon atoms
of propenes. We observed that the hydrogen atoms in the CH
group of propene have much higi#wvalues than the hydrogens
attached to the two doubly bonded carbon atoms. For example,
the atomic softness?, value for the allylic hydrogen atoms
(0.320) of the methyl group of propene is much higher than
the hydrogen atoms (highest value is 0.127) attached to the two
doubly bonded carbon atoms. The same observations were made
for all the substituted propenes. Nevertheless, we could not find
any quantitative correlation between tis¢ values for the
abstracted hydrogen and the corresponding barrier heights for
hydrogen abstraction from substituted propenes. Thussthe
value for the abstracted hydrogen atom does not have any major
role in determining the ease of reaction.

In propene and substituted propenesGHCH=CHX, X =
F, Cl, NH,) the two doubly bonded carbon atoms are not
equivalent and this introduces interesting regiochemistry for
radical addition reactions. As evident from Table 3, addition to
one of the doubly bonded carbon atoms has a lower barrier
height than addition to the other. The reaction channel with
lower barrier height is likely to be dominating. Thus the
pB-carbon should be the preferred site of radical attack fbtsC
and GHsF, whereas the-carbon should be the favored radical
addition site for GHsCl and GHsNH,. Therefore, radical
additions to GHg and GHsF follow the usual anti-Markovnikov
orientation, whereas the radical additions #eCI and GHs-
NH, follow Markovnikov orientation. This feature shows an
interesting regiochemistry in these radical addition reactions.
To rationalize this observed regioselectivity, we have calculated
the softness for radical attack’) for both the doubly bonded
carbon atoms of propene. Now for a particular radical and
substrate, the carbon atom with higi#value should be the
preferred site for radical attack, because a highealue results
in a greater negative grand potential change for the formation

local softness values for the radical center; (B) the barrier heights (kJ/ ©f the new bond? Table 3 shows that for £1s and GHsF the

mol) for the additions to € (open triangles) and Q(black squares)

B-carbon has the greatef value. On the other hand, the

carbon atoms of propene are plotted against electronegativity of radicalsa-carbon has the greatet value for GHsCl and GHsNH,. It

(B).

TABLE 3: Global Softness (S, a.u.™1), Atomic Softness for
Radical Attack for the Two Doubly Bonded Atoms of
Substituted Propylene [, and Classical Barrier Heights for
Hydrogen Abstraction and Radical Addition Reaction of
Substituted Propene with OH and CH; Radical

barrier heights, kJ/ma?
addition reaction ~ H-abstraction by
atom <° OH CHs CHs OH

system S

CsHe 215 G 0377 —2(5) 43(52) 81(77) 37(29)
Cs 1393  —4(3) 34(43) 90(86) 47 (38)
CsHsF 213 G 0652  —4(4) 41(50) 84(81) 45 (37)
C; 0899  —5(2) 38(46) 88(86) 53 (45)
CiHsCl 230 G 0804  —5(2) 36(45) 77(74) 40(32)
Cs 0.431 4(10) 42(51) 79(77) 44(37)

CaHsNH, 244 G 0583 —18(~10) 38 (46) 87 (83) 39 (31)
Cs; 0.068 —17 (—11) 46(55) 85(81) 37 (29)

a2 The quantities within bracket are the barrier heights after zero-
point energy correctiond.The barrier heights for hydrogen abstraction
by OH radical from the—CHj; site of GHes, CsHsF, GHsCl, and
CsHsNH; are 15, 15, 15, and 4 kJ/mol, respectively. The barrier heights
for hydrogen abstraction from theCHj site of GHs, CsHsF, GHsCl,
and GHsNH; by CHs radical are 58, 59, 57, and 53 kJ/mol, respectively.

is, therefore, expected that tiecarbon should be the preferred
site of radical attack for §Hs and GHsF, whereas the.-carbon
should be the favored site fosEsCl and GHsNH,. The barrier
heights in Table 3 demonstrate the same regioselectivity for
radical addition. Overaltthe € values for different sites could
be used to determine the mostdaed site for radical attack
when the substrate has more than one potential $ie barrier
height for radical addition is always found to be substantially
lower for OH radical in comparison to GHadical. As discussed
before, the higher electronegativity of the OH group and lower
s value for the oxygen atom in OH make its addition easier
than that of CH radical. We must point out that although
values allow us to qualitatively explain the observed regiose-
lectivity for radical additions, we could not find any DFT-based
descriptor that could be correlated well with the barrier heights.

4. Summary and Conclusions

We have made a systematic analysis for the hydrogen
abstraction reactions of CHand propene with a series of
radicals. It is observed from our study that electronegativity of
the radical has an important role in determining the ease of
hydrogen abstraction from a substrate. In gendts, more

abstraction by OH radical always has a much lower barrier than electronegatie the attacking radical, the lower the barrier

that for CH; radical. Again, this can easily be explained from

height for hydrogen abstraction from a substra&milarly, the

the higher electronegativity of the OH group and lower softness local softness of the atom in the radical directly involved in

for the interacting oxygen atom than those for thesGjrbup
(see Table 1). Hydrogen abstraction from th€Hs group is

hydrogen abstraction has been found to have an inverse
correlation with the barrier height for hydrogen abstractitme
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harder the attacking atom of the radical, the easier the hydrogen  (11) Chandra, A. K.; Geerlings, P.; Nguyen, M.JI.Org. Chem1997,

T . 62, 6417.
abs?r_actlon |s_Th|s is clearly opposite to that expected for the (12) Sengupta, D.: Chandra, A. K. Nguyen, M.JT Org. Chem1997
addition reaction, where the softer atom interacts more favorably. g 4.

In the case of radical addition to=€C, no quantitative (13) (a) De Proft, F.; Amira, S.; Choho, K.; GeerlingsJPPhys. Chem

correlation between barrier heights and reactivity descriptors é?l%‘rtn 918é 3522979- gzaangenaeker, W.; De Proft, F.; Geerlings) FRhys.
could be observed. Of course, electronegativities of radicals (14) (a) Tischenko, O.; Pham-Tran, N. N.; Kryachko, E. S.; Nguyen,

appear to have a qualitative correlation with the barrier heights m. T. J. Phys. Chem. 2001, 105, 8709. (b) Perez, P.; Contreas,Ghem.
for addition reactionsThe barrier height tends to decrease with ~ Phys. Lett1998 293 239. _

the increase in electronegatiy of the radical.The regiochem- (15) Chatterjee, A.; lwasaki, T.; Ebina, J. Phys. Chem. 2001, 105
istry for radical addition to the doubly bonded carbon atoms (16)' Chatterjee, A.: lwasaki, T. Ebina, T. Phys. Chem. A999 103
can be resolved from the® values of the two carbon atoms. 2489,

: : : (17) Roy, R. K.J. Phys. Chem. 2003 107, 397.
-Lhe Ca][bonc?to.m ]Y‘”th tg_e h||ghéh|/(a|¥ﬁ£ a';"'aysl’c fogf‘f? to be (18) (a) Chandra, A. K.; Nguyen, M. Tat. J. Mol. Sci.2002 3, 310.
the preferred site for radical attack. values for different (b) Geerlings, P.; De Proft, F.; Langenaeker, @hem. Re. 2003 103

sites could be used to determine the mosbifad site for radical 1793.

attack when the substrate has more than one potential site  (19) Gazquez, J. L.; M(;ﬂndezyg- Phys. Cf:jemlg% 98, I‘_1591- .
Although the relations observed between the barrier heights fOVChfn?lgS?féT’gébvan e Woude, F.; Mendez, F.; Geerlings, Phys.

hydrogen abstraction by radicals (also for radical addition  (21) chandra, A. K.; Nguyen, M. TI. Comput. Chenl99§ 19, 195.
reactions) and the different reactivity parameters are definitely  (22) Chandra, A. K.; Nguyen. M. TJ. Phys. Chem. A998 102

it ; ; 6181.
not quantitative and the studies are not exhaustive, they do (23) Nguyen, L. T: Le, T. N.: De Proft, F.: Chandra, A. K.: Langenaeker,

exhibit a clear trend that helps the interpretation and understand-y : Nguyen, M. T.; Geerlings, Rl. Am. Chem. Sod999 121, 5992.

ing of the mechanism of these two classes of radical reactions. (24) Nguyen, L. T.; De Proft, F.; Dao, V. L.; Nguyen, M. T.; Geerlings,
A particular difficulty in correlating the local softness for ~ P-J; Phys. Org. Chem2003 16, 1.
. . . . . (25) Ponti, A.J. Phys. Chem. R00Q 104, 8843.
radical attack £) th Ca|CU|5}teq energy barr'?rs likely anses (26) The grand potentiak¥) is a thermodynamic quantity and defined
from the fact that this quantity is not well defined. While the as,Q = E — Nu whereE is the energyN is the number of electrons, and

ili i u is the electron chemical potential.
local softness for nucleophilis{) and electrophilic§™) attacks (27) Ponti. A Molteni, G.J. Org. Chem2001, 66, 5252.

has a clear chemical meaning, that for radical attack, defined (5g) Molteni, G.; Ponti, ATetrahedron2003 in press.
as the average &f” ands™ values, is ambiguous. Another way (29) Chandra, A. K.; Nguyen, M. TJ. Chem. Soc., Perkin 2997,

of evaluating this parameter without referring to the anionic 14%3?(-)) Gaussian 98. Revision A7 Erisch M. 1. Trucks. . W.: Schiedel
. . . . . aussian , Revision A. 7, Friscn, M. J.; Trucks, G. ., ©Chlegel,
and cationic states is highly desirable. H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.;
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Acknowledgment. The Leuven group is indebted to the KU~ J- M- Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;

. Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Leuven Research Council (GOA program and a doctoral Clifford. S.; Ochterski, J.; Petersson, G. A Ayala, P. Y.; Cui, Q.

fellowship to H.M.T.N.) and the FWO-Vlaanderen for continu-  Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman,

ing support. A.K.C. thanks the Quantum Chemistry group for i; B-t;1 CiESIO,X\VSké-JQ Ortié, J-KV-; BabO_ULI A.GG.; Ste{an%v, Iij\)/'lBt"; Lilg C‘T_
H H H lasnenko, A.; FIskorz, P.; Komaromi, 1.; Gomperts, K.; artin, R. L.;
supporting his short stay in Leuven. Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.;

Supporting Information Available: Figure-S1 showingthe  Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,

. E. S.; Pople, J. A. Gaussian, Inc., Pittsburgh, PA, 1998.
correlation between the BHandHLYP/6-311G(d,p) and CCSD- (31) BhandHLYP functional is a combination of HF and Becke exchange

(T)/6-311++G(d,p) calculated barrier heights for hydrogen with Lee-Yang—Parr correlation functional: 0.8xHF + 0.5*Ex-SPA +
abstraction from methane and propene by various radicals (OH,0.5*AExBecke884 EcYP,

; a1 ; (32) Zhang, Q.; Bell, R.; Truong, T. N.. Phys. Chem1995 99, 592.
CHa, CF;, C,H3, and GHs). This material is available free of (33) Durant, J. LChem. Phys. Let1996 256, 595.

charge via the Internet at http://pubs.acs.org. (34) Chan, W. T.; Hamilton, I. P., Pritchard, H. Q. Chem. Soc.,
Faraday Trans.1998 94, 2303.
References and Notes (35) Yang, W.; Mortier, W. J. Am. Chem. S0d.986 108 5708.

(36) Besler, B. H.; Merz, K. M., Jr.; Kollman, P. A. Comput. Chem.
(1) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and  199Q 11, 431.

Molecules Oxford University Press: New York, 1989. (37) De Proft, F.; Martin, J. M. L.; Geerlings, Bhem. Phys. Letl.996

(2) Pearson, R. GJ. Am. Chem. Sod 963 85, 3533. 250, 393.

(3) Parr, R. G.; Pearson, R. @. Am. Chem. Sod.983 105, 7512. (38) Chattaraj, P. KJ. Phys. Chem. 2001, 105 511.

(4) Chattaraj, P. K.; Lee, H.; Parr, R. G.Am. Chem. S0d991, 113 (39) Mendez, F.; Tamariz, J.; Geerlings JPPhys. Chem. A998 102
1855. 6292.

(5) Pauling, L. The Nature of Chemical Bond3rd ed.; Cornell (40) Pearson, R. GChemical Hardnesslst ed.; Wiley-VCH: Wein-
University Press: NY, 1960. heim, Germany 1997.

(6) Mulliken, R. S.J. Chem. Physl934 2, 782. (41) CRC Hand book of Chemistry and Physié8th ed.; Lide, D. R.,

(7) Luo, Y. R.; Benson, S. WJ. Phys. Chem199Q 94, 914. Ed.; CRC Press: New York, 19971998

(8) Luo, Y. R.; Benson, S. Winorg. Chem.1991, 30, 1676. (42) Chandra, A. K.; Uchimaru, T.; Sugie, M.; Sekiya, @hem. Phys.

(9) Parr, R. G.; Yang, WJ. Am. Chem. S0d.984 106, 4049. Lett. 200Q 318 69.

(10) Yang, W.; Parr, R. GProc. Natl. Acad. Sci. U.S.AL985 82, (43) Morrison, R. T.; Boyd, R. NOrganic Chemistry5th ed.; Prentice

6723. Hall: India, New Delhi, 1989.



